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Abstract

As thc Internet continues to gain in popula,ritS', clemand fbr broadband access has out-

1>ac:ecl the wired ilfr¿rstt'uctute iu tnaul' areas. 1b meet the neecls of rvireless broadband

âccess, ihe IEEE 802.16 protocol for u'irelcss metropolitarl a,t'ca netu'orks has bcen rc-

ceutlv stancla¡dized. The medium access control (l\{AC) Itr¡'er of this lllotocol has point-

to-multipoint (PltIP) l:rode and rnultipoint-to-muliipoint or mesh mode.

Wireless mesh netrvork consists of mesh routers and mcsh clicnts, r,vhcrc mcsìr routcls

fonn the backbone of the lnesh network. Wireless mesh netrvorks are elnticipatecl to re-

solvc the limitations and to significantlv irnprovc the pcrformancc of ad-lioc netg'orks,

rvireless loc:al area netrvorks, rvireless metropolitarÌ are¿ì netlorks ¿rnrl rvireless persoua,l

atea nettvorlçs.

Wileless nresh letrvork c¿rn rvork in distribrrted s),stem. where there is no central controller

to tnanage the nodes in the network. Tlrus scheciuling the lodes for packet transrnissiou.

and routing packets in the netu'ork are trvo big challenges to the rcscarchcrs.

In this thesis we have introducecl a new routing metirod that suggests horv a perth can

bc sclcctccl to ensure packet tlansmission in minimum time, whcn multiple paths are

avail¿r,ble to a sarne destin¿rtion.
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Chapter 1

trntroduction

Wireless netn'orks pla¡' ¿ major role in communic¿ltion s¡,s¿sms iu present days. One of

thc urain objectil'cs of ncxt gcneration x'ireless nctr¡,rcrlçs is to provicle broadband ilitcrnct

set'vice to encl-users. Tltele at'e sever¿rl IEEE (Institule of Electric¿rl ¿lncl Electronics

Engineers) standards I'or wirclcss communications. IEEE 802.11, IEEE 802.15, IEEE

802.16 ¿ind IEEE 802.20 ale clifferent n¡ilerless protocols usecl in clifferent levels. Accordiug

to illc coverage area ancl cleplovment level thc stancla¡cls can be orderecl as folloivs:

IEEE 802.15. which is used to irnplement r,vireless personal area netrvork (\\¡PAN),

IBEE 802.11, used in r,vireless locaì area netlr'ork (\\rI-AN),

IEEE 802.i6, uscd in wirelcss rnctlopolital area nctworlç (WÌ\4AN) and

IEEE 802.20, which is used in u,irclcss t'ide alea netrvorli (WWAN) Í291.

1.1 WiFi and'Wimax

IEBtr 802.11 standard is used as rvirelcss local arca uetwork. It is also l<nog,n a,s rvireless

fìcleìity (WiFi) [1, 12]. lViFi is the ivireless warv to handle networking. T]re m¿rin

advantage of Wilri is its sirnplicity. WiFi cnabled computers anyt'here in a home or

offÌce c¿rn be connected to iuternet without the neecl of wires. Courputers connect to the
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WLAN /WiFi Hotspot

\

Figure 1.1: Hou'WiFi ü¡orks

network using radio signals. The coverage âre¿ì of this system is small (only 100 meteïs

radius). Thcse small WiFi enabiccl aleâs â,r'c callcd WiFi hotspots. In each hotspot there

is a rvileless router. rvhich ¿lcts ¿rs the b¿rse statiou (BS) of the arezt, ancl provicles n'ileless

connecticnrs to the cornputers. DigitaÌ subscriber line (DSL), cable moclem âre usecl to

connecl these routers to intcrnet servicc provicler (iSP). Thus, a rvired systern is used to

connec:t the \Ã¡iFi hotspots. In other wotds, the backbone netrvork of WiFi hotspots is a

u'ired s)rstcur. Such a scenario is sltowtt iu Figurc 1.1.

IBEE 802.16 for:trsses ou the last nile applications of wireless technology for bloaclbancl

acccss. This sta.ndard is callecl r¡.'orlclq'idc interopcrability for nicrowave access (Wi\aar).

WiN"Iax is ac:tuall¡' rvireless X,'ÍAN technology thzlt calì connect lviFi hotspots t. eaclt

other ancl to other parts of thc intelnet. Such a sccnario is shown in Þ-igurc 1.2 (figulc

moclilìed from [21j). Wif.'Iax provides a rvireless alterna,tive to c¿rble ancl DSL for ]ast

miie broadbancl access. This tcchnology is lcss cxpensive and easier to dcplo¡' comparcd

to DSL f <:al:,Le. In artother sense WiN4ax opelates in a fashion similar to WiFi, but

-{&
-.yJ&

ffi

s
iftä/.d¡sÏ.
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Figure 1.2: Horv WiN4AX Worlcs

at higher speecls, or¡cr greatcr distanccs and for a greatcr numbcr of users [12, 23]. I¡
Wilr'f¿t-x, BS provicles wireless contrectiou to the subscriber stations (SS's). BS c¿rn be

courected dircctly to the internct using a high-banchvidth wircd connection. It can ¿rlso

be connecterl to another BS using direct lin+of-sight micror,l¡ave link.

/,. ,-n*gt' W
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L.2 Point-to-Multipoint and Mesh Networks

The IEEE 802.16 I\'IAC protoc:oì h¿rs trvo mocles of operation: point-to-rnultipoint (Pl\,iP)

rnode and rnultipoint-to-rnultipoint (rncsh) modc. In PN'ÍP rnodc, thc nodcs are olganizcd

into a ccllular like structure , consisting of a BS ancl somc SS's. Thc channcls arc divided

into uplink (from SS to BS) aucl clorvnlink from (BS to SS), both shared among the

SS's. This type of network lcquires all SS's to be rvithin the transmission rangc of BS.

IBEE 802.16 ollerates uncler the frequenc)'b¿rnd of 10 GHz to 66 GHz. \\¡ith this high

fiequeuc¡, the BS can co\¡er a large distance up to 50 I<m. Duc to thc high frcqucncy all

the SS's neecl to be on the clirect line-of-sight to tlie BS. But builclings, tlees, hills ancl

otlter obstacics often ma,ke line-of-sight difficult¡, in rnany neighborhoods. To ovcrcon-lc

this probleni IEEB 802.16¿r was evolved whicù focrnes ou the spectrurn of 2 GHz to 11

GHz [29]. With this loq'er frequcuc¡' Wil\,fax can providc connection to users rvitirin B

km r'i'ithout clirect lin+of-sight. Thus in Pl\4P mocle if a BS has to coveL a lalge clisttrnce,

then all thc SS's sliould be on direct line-of'-sight witli the BS. And line-of-sight probiem

cau be o\€rcome by using lower frequency bancl, but then the BS c¿ìn cover only srnall

aïea.

On the other hand, in the mesh mode, the nodes are organizcd in an acl-hoc fashion.

All stations are peers and each nocle c¿r,n act as louters to rela¡' packets to its neighbors.

Tliere are stiil some nodes lvhich provide thc func[ions of BS for connccting the mcsh

network to backhaul links. However. there is no need to have clirect link from the BS

to cacli of thc SSi's in a tnesh netu'ork. In mcsh netrvork traffic ca,n be routed around

obstacles over rnultiple hops anci thus c¿rn avoid the requirernent of rnultiple BS's. 'Ihis

makcs the coverage of a resiclential area lcss cxpcnsivc. N,lcsh network is morc flcxible

and cost effective cotnparecl üo Pl\'lP netrvork rvhen extending broadband services to a

mass resiclential narket. New SS's are ailori'ed to join the netrvork cven if they are out

of range. or have no direct c:onnectir¡ity rviüh the BS. Each SS works as a router and
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becomes a part of the infuastructure [24].

1.3 Route Selection in Mesh Network

IEEtr 802.16 mesh network can operate either in centralized schecluliug or in distributed

schcduling. In centralized schcduling thc BS scheclulcs the transmission of all the noclcs

within tlte mesh. In clistributed uresh BS does not control the schecluling and routing of

any SS. Each SS makcs its on'n ronting rvhen it scnds packet to another node. When thcre

is onlv one route from a source nocle to a destinatir¡n node then the source h¿rs to follorr

that routc. But if thcrc arc multiple routcs from a sourcc to a destination then the source

has multiple options to choose a loute to senci its packet. When a source finds mclre th¿rn

one toute to a destination, it can also distribnte the pacliets over rnultiple rontcs, i.c.,

¿r sour'(:e can distribute its loacl over the av¿rilable routes. An intelligent techniclue for

balancing loact over multiple routes can rninimize the total transmission time.

L.4 Thesis Organization

This thesis ¿rdclresses ¿r load bzrlanc:ing tec:ìuri<1ue fol clistributecl rvireless uresh netu'ork.

Thc thesis is organizccl as follows.

o In this chapter n€ ltarre discussecl the basic wireless netn'orking systern for end

uset's.

We ciescribe some b¿rsic routing rneclrtrnism ancl some rela,tecl r.vorks on routing in

rvircless nctworks in chapter tivo.

hi chaptcr tb.ree wc have elaboratcd our load balancing technique. In order to do

this fìrst u'e have considelecl a surall netn'ork.

. Then we have extencled the r,r'ork to larger net'works in chapter four.
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o We preselt our couclusion and future r.vork in chapter fìve'

" \4,-e have used some mathem¿rtic¿rl notations ancl fonnttlas to generzrte s<ttne conbi-

nations. Thosc formulas h¿r,vc been clarifiecl in appendix scction.



Chapter 2

Related 'Works on Fùoutittg

2.L Routing

Routing is the process of finding a ¡rath from a source to a clestination il ¿r netrvorlç.

This is accomplishcd by rncans of routing protocols, u'hich are establishcd by mutually

consistent louting tables in evely routel in the uetl'ot'k. Routing is ca,tegorizecl in many

u'¿l),s. Some cornmonly ¿rvailable <:hoices of routing algolithms for different types of net-

n'orks are discussed in 117, 22,261.

Routing protocols in conventional rvired uetrvorks genertrll¡' use eithet' clistance vector

routing algorithm or link state routing algorithrn. In both of thcm all the routers period-

ic:ally broarlc¿st some information. <:alled routing aclrrertisemeut, to their neighltols. In

distance r.'ector routing each routcr broadcasts its viet' of thc clistancc to all the hosts and

e¿rch louler computes the shortest path torv¿rrds all the hosts based on the information

advertised by thcir neighbors. In link statc routing each routcr broaclcasts to all other

routers in the netq'ork its orvn vierv of the status of its acljtrr:ent netrvork links. And then

each router computes its on'n routing iable. In addition to its use in wired netli'orks,

b¿rsic distance vector routing is usecl in rvireless netu:orks [15, 25, 28].
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2.I.1 Different Types of Routing

Centralized Routing and Distributed Routing

In ccntralizccl louting ¿r, ccntral processor is lesponsible for routing of all the nodes in thc

netrv<tlk. The centr¿rl processor collec:ts inforuration about all the links ¿tnd processes the

informa,tion to compute a routing table for every node. Then it distrilntes the routing

tablcs to the routers. Centralizcd routing is rcasonable in a centrall¡, acllninistr¿rtcd

netg¡ork.

In clistributcd routing the routers cxchangc somc mcssage among thcm and bascd on

these inforrnation they build mutuall¡r consistent routing tables. If the letn'rlrlç is too

Iargc then distributecl routing is necessary.

Source-based Routing and Hop-by-hop Routing

Iu soruce-basecl routing the source clecicles the complete path (thât is, the sequeutial list

of routcrs on thc path from source to destinatiou) of thc packct to thc destination atid

set the path in the peLcket he¿nler. This methocl allows the sender to specify a packet's

ptrth ltrecisel¡'. go, the sendel ueecls to be arr'are of the entire netwolk. Again, if a link

gocs dorvn after thc packet is dispatched frorn the sender then thc packet ca,nnot reach

to its clestination. In this method the packet he¿rcler becomes larger.

In hop-by-hop routing the pacltet hcader contains only the address of its final clestination.

Each router trlcng the path c¿rn choose the next hop. All the nocìes do not neecl to be

a\varc of the whole netu'orl<. This mcthod is nccessar)' if the netu'ork state clianges o\¡cl

time.

Stochastic Routing and Deterministic Routing

In detcrmiuistic louting cach router trics to forq'ards packcts tou'ards a destination along

¿r fixecl path. In stocha"stic routing [18] routers m¿lintain more thal one next hop for eac:h
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possible destination. It picks up a path randouily before iL forrvards a packeL. Stochastic

routing cannot gnarantcc that a sclies of packets u'ill reach the dcstinatioli iti order.

Single.path Routing and Multiple-path Routing

In silgle-path routing each router nl¿rintains exactly oue next hop fol each destin¿ttion.

In multiplc-path routing routcrs maintain rnorc than one ncxt hop for a dcstination. Thc

paths rnight be sortecl accorciing to some orcler' (such as numl-rer of hops, propagatiort

clela5', etc.). if the path on the top of the list is unavail¿rble then the router fonvarcls the

packet along the next available patli. If such order is not maintaincd in multiplc-path

routing ancl the next Ìrc4r is pickecl up lanclomly, then it becotnes stochastic routiug.

State-dependent Routing and State-independent Routing

Statc-dependeirt routing is a dvnamic methoci. In this iype of rouf;ing the router chooscs

the next hop depencling on the plesent state of tire retn'ork. For example, if some links

on a path are heavilv loadecl, tlien router may try to sencl ptrcket through ¿lnother route.

On the othcr hand statc.-inclcpcndcnt routing is a static metliocl. For cxa,mplc, shortcst

lltith routing is state-indepeuclent routing. StaLe-dependeut louting usrrally fincls better

routcs to a clestination. But it requircs more or.erhead for monitoring thc nctwork.

2.L.2 Load Balancing in Routing: Our Research Goal

In our moclcl (discusscd in Chapter 3 and onwald). q'hcn a number of packets a,re to

l¡e sent to a clestilation, the sender tries to cornplete the total transrnission in minirnum

tirne . Sending a scries of packcts through thc shortest path cannot guarantec to makc the

trir,nsmission in possible shortest time. Thus the sencler clistributes the pzichets âmorlg

thc available routes to the destination. Accorcling to the routing tcchniqnes mentioned

above, our morlel can be applied in clistributed, hop-by-hop, rnultiple-path. stochtrstic,
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stzrt+clependent routing.

,. ,. Related \Morks on Routing in Wireless Mesh Net-

work

In rcccnt )'cars thc t'iclespread availability of wirclcss communication ¿ncl hanclhelcl de-

vices has stinurlated rese¿rrch on self-orgalizing net'lvorks, which clo not rerluire a pÌe-

establishecl infiastructulc. These acl-hoc networlçs [20] consist of autonornous nodes that

collaborate iu order to trausport infol'm¿ltion. Usutrll¡' these uodes act as end s¡rsfiç¡¡s (hr-

cliviclLral uscrs / subscribers) and routcrs sit't'tuitaneousl"v. There are trvo typcs of ad-hoc

networks: static aci-hoc networks alcl mobile ad-hoc networks. In static ad-hoc netrvolks

the position of a node usualll' does not cltangc once it has become a part of thc nctr.n'orli.

Rooftop netri'ork [5]. community ivireless netrvorks [3, 16, 27,3I] are exarnples of static

ad-hoc netu'ork. As a relativel¡r neg'standard, IEEE-802.16 has becn studiecl much less

than other stanclalcls like IEEE 802.11. Routing methods appliecl iu st¿rtic ¿rd-hoc: net-

u'orks are mostly usecl in rvireless mesh netu'orlç.

Thc shortcomings of shortest-path routing have becn discussed by many researchcrs

in [32, 4. 13. 7, 10, 11]. In [4] Arvelbrch et aL hzrve ploposecl an algorithm th¿rt se

lccts route r,vith thc highest througìrput in multi-rate acl-hoc netlvork. Dube eú ø1. [10]

have proposecl a rnethocl that selects a route in acl-hoc netuork rvith st¿rble signal ler,el

on the rvirclcss links.

Interference-Aware Routing

\4t-ei eú al. proposed an interference-a\l¡are routing algorithrn for IEEE 802.16 centr¿rlizecl

ncsh netu,ork in [30]. They proposed an interfcrcnce-awarc research framework to im-

1:rorre spectral utilization. Using the frameu'ork the¡' iltrocluced an interference-aÌÃ.'are

10
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route ccnrstnrction algorithrn to improve tlte netrvorh throughput by selec:ting routes rvith

minilnal intcrf'crcncc to cxisting nodes.

Routing in Multi-Radio Multi-Hop Network

Couto et aI. l9l proposcd a ne\\¡ rnetric called ETX (Expected Ttansrnission Count) for

routing iu urulli-r'aclio multi-hop wireless netrvorks with stationary rodes. ETX mea-

surcs the expectccl numbcr of transniissions (transrnission and retransmissions) to scnd

a packet over ¿ì link. ETX is a functiou rvllich estimates the probability of packet tr¿r,ns-

mission fäilure on a linlç.

Draves et al. 19) prollosecl another nretlic WCETT (Ubighted Clumul¿rtive Expected

Transmission Timc). Thcir mcthod a"ssigns r,leights on cach lìnk bascd on the cxpected

tr¿rnsmission time orrer that link. They har,r'e shorvn that rvheu uocles are equippecl

u'ith rnultiple hetcrogeneous radios, tlien selecting channcl diverse paths provides liigh

throughput.

Multiple.path Routing

Lee et ø1. [19] proposecl an algorithm that utilizcs a mesh structure to provide muliiple

alteln¿lte paths fi'orn a source to a destil¿rtion in ¿ld-hoc tretrvorks lvithout pnrducing

adclitional control mcssâge. Thcy have shor,vn that having multiple altemate paths in

a,cl-hoc netrvorks is beneficial since rvileless netlvolks ale plone to router breaks because

of fhcling environment, packet collisions, siglal interfcrcncc ancl high crrol ratc, À.'lain-

taining multiple paths and clistributing trafTic can rninimize the tot¿rl nurnbel of requirecl

transmissions.

Routing in Mobile Ad-hoc Networks

Routing in mobile ad-hoc nctworks is more cornplcx cornpalcd to routing in static acl-hoc

netrvork because in nrobile ad-hoc netrvorh tlte t'outers are moviug. Johnscnl et al. [74]

1t
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presentecl a plotocol for routing in wireless mobile hosts. Insteacl of using dist¿rnt r¡ector

routing, their protocol uscs dynamic soulce routing of packets bctrvcen hosts that want

to conunuuicate.

12



Chapter 3

Load Balancing

3"1 Background of IEEE 802.16 Mesh Mode

The IEEE 802.16 standard is designed to evoh'e as a scL of air intelfaccs bascd on a com-

rnon N'IAC protocoi r.vith physic:aì la¡er specificaticnts clepeudent on the spectrum used [6].

In ccntralized scheduling the BS scheduics thc transmission of all thc nodes tvithin thc

mesh ¿rnd the mesh BS is respolsible for collecting banclwidth recluests from the SS's

aud for rnana,ging resource allocations. In this scheme eac:h SS estilnates and settcls its

rcsoulce requcst to ihe BS. BS dctermines the amount of granted rcsourcc and scnds

the grant nless¿ìge to bhe SS. in ihis procedtue trausmissions are coorditratecl to elìsure

collision-frec scheduling typicallv in a norc optirnal manner tllan distributed scliccluling.

Centralized scheduling ploceclure is relatively siurple compzr,rerl to distributecl schedul-

ing. Horvever, thc conncction sctup dclay is long in centralizcd schcduling. Ccntralizcd

scheduling is not suitable for occasioual traflic needs.

In distribLrtecl scheduling e\¡ery node computes its transmission time without anv global

information. This te<:hnique is more com¡:lex thal centralized schecluling. The IEEE

802.16 mesh frame il distributecl schcduling is dividcd into control and data subframcs.

Data subframe follows control subframe in a, fr¿rme. There ¿lre two types of control sub-

13
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frir,mes: net1vork controi aud scùeclule cclltt'ol. By transtnittilg coutlol subfratne, uocles

maintai¡ their schedulc and data subframe allocation in the ucighborhood. Data sub-

frar¡es are ¿rllocatecl basecl on ¿ì request-graut-coufìnn three-rvay ltancl shalcing among

the nodcs.

The clistributed scheduling of mesh mocle operartion can be of tu,o types: coorclinatecl

clistributccÌ schecluling and uncooldinated distributed scheduling. The uncooi-dinatecl

distributerl schecluling adopts a sirnple conteutiou appt'oacfi where collisions m¿ty occur

if rnultiple nodcs try to tralsmit at the same control transmission oppoltunitlr This

schecluling scheme is ouly suitaÌrle for ìinks rvith occasion¿rl or brief tr¿rffic neecls.

O¡ the other. hand, the coordinated distributed schcduling scheme is contention free. In

this scheme nocles exchange 2-hop neighboring schedule infortnatiotl lvith e¿lch other. Il

coorclinatcd clistributcd schecluling all nodcs compete for channel access using a pscudo

ranclo¡r elcction algorithm. Each node knorvs about the tl'o hop ncighbors' scheduling.

Si¡ce nocles run the election algorithm inclependently, er common algoribhm is rrsed by

cacli noclc in a neighbolhoocl [2, 6, 33]. The algolithm is rattclom but prediciabie. That

is u,h¡, this is c:allecl pseuclo random electiou algorithrn. The ranclotnness and predictabil-

ity are achievecl by using a conrnrorl rule for all the nodes for construction of seerls for

random number.

3.2 Problem Definition

Lct ns consider thc nctt'ork shoum in Figurc 3.1. \ry'c arc considering the problcm tl'here

node-l rvants to sencl sorne packets to node-2. It can select two possible routes (route

1-3-2 and route 1-4-2). First let us consider the case rvhcre only r-rode-1 transmits packcts

to nocle-2. Node.S and nocle-4 oulv forward pacliets of norle-l to nclcle-2. Node.2 clcles

not transmit any packet.

We ¿rssume that after successful transmission of each packet the receiver seucls att ¿rc-

14
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Figr"rre 3.1: A ,4-nodc nett'ork

knortleclgement to the sender. Tlien the sender transmits the next packet. Let Í.¿, be tlte

expccted requirecl timc fot' the successfÏi transrnission of a packct from node-a to node-b.

A successful transnlission from node-a to nocie.b includes sendilg zr packet from nclcle-a

to node-b and thcn sending a positive acknowlcclgernent from nodc-b to nocle-a. Due to

trattsmissiotl errors any llacket ma)¡ need to be retl'ansmittecl. Let us âssutne th¿lt node-¿l

is transmitting r packets to node-b. Lct total 'y mrrnber of retransmissions take placc clue

to transmission error, Then úo¡, : (tirne for r tralrsmissions * time for y retlansmissions

* timc f'or all acknowledgernents )/r.
For sinplicit¡, r,rs assurne th¿rt due to interfereuce only one node cau transnlit at a time.

\\¡e ale not considet'ing contention cluring packet transmission in the systern. If x'e con-

sider thc situation that no noclc is trarsmitting / fbrr,,'arding any packct and therc is lio

pat:liet queued for transnlission at an¡'node, i.e., zrll the buffers of ¿rll the nodes are empty,

in that case if nodc-l scnds a packet to node2 tìirough nocleS, thc tirne associatcd with

tlris ptrth Ti : tr, * tsz. Sirnilarly if the packet is selt tiirough node-4, the exJ:ectecl

rcquired timc ?, : tu*t42. Letf; <f; Lct us further assulne that node-l q,ants to

tlaltsmit n llackets to node'2. If it sencls the perckets using route 1-3-2, then the expected

timc for translnission is nfi and if it selccts route l-4-2, tlien the cxpectcd tirne is n?r.

If n1 packets are sent through route 1-3-2 and rz2 packets are sent thlough route 1-4-2

(nt+n,t: r¿), since nodc.3 and uodc-4 ca¡rnot translnit packets simultaneously, cxpectecl

tirne for transmissiou of all these n packets, T', : nrTr i- n,2Ti. Clea.rly f; > T'r. That is,

15
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T; <T;,?i. Thus, in this case routing packet through the shortest pztth takes miuimum

tinie.

Now let us aclcl some more nocles to the netrvork in Figure 3.1, r'esulting iu a new netwo.t-k,

as shou,l in Figurc 3.2. Like thc previous câse, here nodel sencls packets to nodc-2. In

addition to that, nocle-5 and node-6 send packets to each other. These packets ¿rre for-

u,ardecl b), nocle-3. Also node'7 ancl nodeB send packcts to each othcr. These ¡lackets

¿rre fo¡rvarcìecl lty node-4. Node2 also sellds packets to uocle-l and tltese packets cal be

f'ort'ardecl by nocle-3 and nodc-4. Thus node.3 forwarcls the follou'iIrg 4 t1'pcs of pacliets:

1. packet of nocle-l to rrode-2

2. pacliet of node-2 to nocle-l

3. packet of nodc-5 to node-6

,1. packet of node-6 to nocle-5

Figule 3.2: A 8-nocle network

Sirnilarl5r, nocle-.tr also forwards 4 types of packets.

As in tlre prer,,ious {:àse, hete T, : trr * úsz ànd Ti : trn * ú¿2. We also assttme th¿rt

n-' u ,I-t
r-1 \ ¿2.

For sirnplicit), we assume that due to interference otily one node of node-1, nocle-2, node-3

16
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aud llode.4 can tr¿tnsmit at ¿r tinte. i.e., n'heu node-1 translnits. node.2. 3 and 4 c¿rnnot

trausmit. lt,fcdia is sharcd aüoug thcsc 4 nodcs (1,2,3 and a). Thc nodes compcte for

medi¿t ancl one of bhem gets the ¿ìccess. Let us c¿rll the tinte ciru¿rtion (time slot) ?n,{

u'lreri node-a uses the mcdia for the ith tirne (Figure 3.3). TX'I] may bc cliffcrent for

clifferent values ¿ ¿lnd r.. Consider a long finite number ,L ¿rnd let ?,S"¿ be the total time

, twì, tt¡), rul lu\n'r4n4,nrl, n¿|,tw-í,tu1,, .,luiÏwi,n¡t,nr1

Figule 3.3: Tr¿ursmission op¡rortunity

tlrat nocl+a has usecl the lne<lia, Then ?',S.¿ : Ð!=rT^,1:. Let m,, be the fi'action of

tirre ühat node-a gets acccss ovcr meclia. Then rrla¡<a<4) ::fs:lÐnr:rfSflt' -ro.
Tttt *'m,z -f m4 ¡ 1174: t.

If all the packets of node.L arc transmittcd through routc 1-3-2 ihen thc packets of

nocle-l ¿u'e forlvardecl by nocl+.3 on11'. ln that c¿lse the packets get only sorne of the

T.'ì,13 slots of tinc to be fblrvarcled (thesc 7tì,13 time slots arc used by node-3 to foru'ard

pac:kets, some of the slots are usecl to fonv¿lrd tlte llar:hets of nocle-l to nocie-2. other

slots ¿rre used to forwalcl other paclieis). If sotne Jrzr,ckets are tlansmittecl through route

1-4-2, thcn tlie packets gct somc of TL'la time siots in addition to somc of 7,¡ìy'.3 time

slois. Thus, transnittirrg soìrre packets through loute 1-3-2 ancl transmitting the other

packots through route 1-4-2 will require less timc compared to transmitting all tlie packets

through onl¡, ¡hs shortest path (route l-3-2). In the previous t:ase (as shown in Figure 3.1)

if nodc-l scncls all Lhc packcts through tlie shortcst path (r'outc 1-3-2) tlicn it takes

nrinimum tirne for transmission. However. ir tlús situation (as shown in Figule 3.2), if the

packcts arc dividcd betu'eeu the tu¡o routes then it takes minirnum time for transrnission.

The reason for this difference is that. in previous case if no ptrcket is transmittecl through

thc path 1-4-2, thcn media is shared by onl¡, llodel and nocle-3. Hott'evet, in this

c€use, sirtc:e nocle-4 h¿ls to foru'at'cl other packets, media is shared among ¿rll the 4 nodes

I7
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regardless t'hether nocle-4 forwards ltackets of node-l or not.

3.3 Problern Modeling

Let rn consiclel the letu'ork ¿ls sholn in Figule 3.2. We ¿rlreacly knorv ihat node-3

f'orn'arcls 4 t¡¡pcs of packcts: packet of node.1 to node-2. packet of node-2 to nodc-l,

packet of node-5 to node6 anrl par:ket of nocle-6 to nocle-5. \\¡e c:ousider the situation

that node.I ¡çot some packets to send to node-2. Let us as,snrne that noclc-l is not

transmitting any packet ancl it is going to start transmission. Assutne that mea,nrvhile

other nodcs (nocte'2, node-5 and nodc-6) a,re transmitting their packets. This situation

as scen by nocle-l is rcpresented in Figure 3.4. F)'om the vies' point of rode-I \ve now

trnalyze tlre sitlration.

Lct À,¿, be the a¡rival rate of the packets from node-a to node-b. Thus Àzs is the arriral

rale of pachets from nod+2 to nod+3. Let À3 be tlie ccnnbinecl ¿lrrival r¿rte of pacliets zrt

node-3 from node 5, 6 and 2, Then, À¡ : Àss * Àos * Àzs.

Let Ltnt, be the tlausmission late of pac:ket at noclea, which is clestinecl to nod+b. The

tlsr
\

Lt ,.}ì

Figure 3.4: Buffer of nocte-3 of thc netrvork shou'n in Figure 3.2

packct that cornes from node-2 is forwardcd to nodc-l. The arrival rate of tltcse pacliets

at node-3 is À23 and the trallsmission r¿rte of these packets from nocle.3 is /rrt. The s¿rme

sccnario stards for (À53,¡¿sc) pair and (À63, ¿135) pair (Figure 3.4). Let p2, p5 and p6 be thc

probabilities that a packet at nocle-3 came fi'ort node'2, rtode-5 ¿rncl nocle.6 r'espectively.

i8
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Then, pz: \zsl(Àzs * À53 + Àts) : Àzs/Àg.

Sinrilarl¡.'. ps : ÀsslÀ3 and p6 : À,¡s/Às.

If p,,a is tlre avelage transmission time of ir packet fi'om node-a to node-b. INote that we

hnue alreadg i.ntrod,ztced to¡, as the auerage transmission t'inte of a pa.cke.t frorn n.ode-a to

node-l¡. Tltatt,ot, and tltis If p,u¿, are n,ot sam,e. to¡ indi,cates the aueruge time taken by a

packet to be transmitted frcm node-a to nod.e-b wlten node-a got th,e acce$ oae.r med.ia.

t,,¡, dles n,ctt de.pen,d on uth'iclt fraction of tinte node-a gets access ouermedia. But tlte

transmissi,on rate of packets (suclt øs p"6) ,from a node depends on, wh'ich, fracti,on of ti.me

th,e r¿ode gets acc:ess ouer rnedia./ Then the aver¿rge transmission time of a packet from

node-3,

19
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l|st lLsa l-Lss

Àus1 t"t * À53/¡.136 * Àzs1 plt

If ¡23 is the combined transmission

next step) at nocle-3, tlten

À¡s*Ào¡*Àzs

rate of the packcts (clcstincd to nodc 1, 5 ancÌ 6 a,t

Às¡*Àos*Àza
Àotll,ro I À5sf ¡t's6 t \zel plt

Thus À¡ a¡tcl /¿.r are the combined at'rival rate ancl combined t¡ansmission rate of the

foliowing 3 typcs of packcts at uodeS: pachct of nodc-2 to node.I, packet of nodc-5

to nocl+6 and packet of node-.6 to nocle-5, all these par:kets ¿rre forrvarclecl by node-3.

Let as ancl p3 bc the corresponding combined disclete paramctcrs of packet amival and

tr¿rnslnission probabiliiies ¿rt nocle-3 for the above 3 t¡'pes of packets in interval r. Then

ûi¡ : 1 - €-'Àt and lJs - I - e-'t'" . Wc can gct ihe queue length clistribution at nodc-3 for

the above 3 types of packets. Let P be the transitir¡r lnatrix for rlueue length clistributÍol

1

l-ts : I
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at uode-3. Then

ctB d3

d'"0" usþs * a's\s asþJ

d'"þ" tttih, * tt'ilï''t

D_
I-

oj"þ, at + al'rl3s

wlrerc ol¡ : t - û3 ancl þs : t - Bs. Let Psr be the probability ihat at an;' instant thcre

are tcltal A packets a,t nocle-3 from nocle-5, nocle-6 ancl nocle-2 (thev are rvaiting to be

fbrw¿rrdcci to nocie.6, nocle-5 ancl nocle-1 respcctivcly)'

Norv let us ¿1ssume that norle-l wants to transnlit a pacliet to node-2. Let l lle the proh-

ribility that ¡ode-1 selects route 1-3-2 fot' tratrsmissiou, then r' : 7 - r is the proìrability

that noclc-l selects route 1-4-2.

Transmission of 1 packet from lode-l to nocle-2 lvill take tß * tn time if the buffer

of locie-3 is empty, node.l gcts acccss ovcr lncdia. todc-l sclccts ptrth l-3-2 for this

t¡ansmission and then nocle.3 gets access ovel medi¿r. i.e., the probability that required

transmission time is trs * Úsz,

Pr {t¡ + úsz} : rn¡P3.s'm11r.

Similall;,,

Pr{ty + t+z} : mtPq,TTL4r' .

The required transmission tirnc t'ill be úr¡ * úsz * ú23, if noclc-l transmits a paclict to

nocle-3, lhen nocl+2 transmits a packet to node-S ancl linall¡' Irode-3 forrv¿rrcls the packet

of nocle-l to nodc-2' Let ç¡,, be the probabilitl' that therc is at least 1 packet' in the buft'cr

of nocl+a. \Ve ¿rssume tli¿rt we can calcul¿rte the packet length clistributioll at all tlìe

20
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nocles and let P,,r be the probabilit¡, ¡¡'r¡ at any instant there are k ptrckets in the buffer

of noclc-a. Tlten go - 1 - Po.¡. Nou',

Pr{f13 * t,rz * fzs} : TT\Ps,t)m3r'tn'zr¿gz

n'here rz is the probabilit¡' th¿l,t nocl+2 selects loute 2-3-1 for transtnitting a pacliet to

nocle-1. rz : t - rz is the probability that nocle'2 sclccts routc 2-4-1 for transmitting a

packei to nocle-1.

Tlre requircd transmission time s'ill be tn I tp I rt2s, if nodc-l transmits a pacliet to

node.3, then node-2 tr¿rnsmits r packets to node-3 and finally node-3 forwarcls the ltacket

of node-1 to liocle.3. Thus,

Pr {t1s * ú¡z * ntzs} : m¡ Psprnsr (mzrzgz)' .

Sirnila,rl¡,,

Pr{¡a * ú'rz * ytz+} : fi11P4.¡¡'trtar'('*'r''rgr)' '

Tlrc rcquired transmission timc t'iil bc trs * úsz + rt%*Utza, if node-1 transmits a paclict

to node-3, tìren noclc-2 tlansmits r packets to uocle-3 and y packets to node-4 and fìnally

noclc-S forq'ards tlie packet of node-l to noclc-3. Tla,nsmission of thcse r-l ,U* I packets

(1 pachet fi'on node-l to nocie-3 plus z packets from node-2 to nocle-3 and y packets

fronr nodc-2 to node.4) ca¡r bc arranged in (r * y + 1)ll(@ + 1)!y!) r,vays. Thus,

Pr {tt,r * tsz * r,tzs * Utzt} : T nl Ps,smsr ('m2r2g2)' (mrr'rnr)t' ff$ff
Let ilr be the averelge tra,nsmission tirne for these 3 t51res of pzrchets, then ú3 is the weightecl

sum of inclividu¿r,l transmission times. i.e. ú3 : (Àasús¡ * À53ú36 + À23¿3r)/(Àss f À63 + Àzr).

Whell node-l rv¿rnts to start transmission, at thult moment if there are u packets in the

buffel of nocle-3, then additional timc uúg will be rcquirecl to tra,nsmit these t¿ packets

before the packet of nocle-l is forrvarclecl b)' trod.'t. Thus tlie required transmission tiure
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will be úrs * ú,tz * .rlttt if there are 'u pacliets in the buffer of node-3, llode-l gets access

over mcclia, nocle-3 gets access over media for u titncs and finall¡, noclc-3 gebs acccss

over ¡redia ag¿in to trausmit the pzrcket of nocle-l to node-2. T)'alrslnission of I packet

fiorn nocle-1 to nocle-3 can takc place within any transmission of u pacltets from node-3'

Th¡s, transmission of 1 pacl<et fi'cxn nocle-l to lode-3 a,ud tr¿rnslnission of u packets from

nodc-3 cau bc arranged in (u * 1) ways. Thus,

Pr{tßf úsz *'ut3} : m1P3,,,(m;1)"+1r(u + 1)'

Norv consicler the situatÍon that, nocle-1 u'¿r,nts to start tr¿rnslnissiott of a packet ancl tltere

àrc u1 packcts in the buft'er of node-3. Let us assumc that zr packets are transmittccl

from node-2 to nocle-3 before the tr¿rnsrnission of tlte ptrcftet fi'cnn nocle-1 to ttode-3 and 12

packets arc trausmittccl fiom noclc-2 to node'3 after that tratismission (the transmission

of the packeb from no{c-l tg node-3). Thus, 1t,:111*ui pzr,cliets must be transtnitted fi'onl

¡ocle-J beforc tlie packct of nodc-1 is forri'ardccì b)'ltocle-3 to node-2 and within this total

period nofle-2 tr¿rnsrnits t : ,xt+ r.2 pâ(:l(ets to locle-3. In that c¿rse the requilecl tinte is

t.,*tzz*uts*ntzz. Lct the transrnission of these z paclicts b.t node3, c packets b)'nodc-

2 ancl the transfet'of tlie packet of noclel c¿'ìn occur in p(21, ït,':Lz) 1ry¿¡ys. tþ(rr,1,It,Ïz)

has been dcfinecl in appenclix 4.1. if ?r1 : Q, theu rl : u, r : rt* Í2:'t-L * 12, i'e'

!: > u. In othel u,ords, if 'u < r, then u1 câ,u. vary from 0 to z, llr cârl !'ar)¡ fiom u to 0.

But if u > t: j tfue¡ 11 can v¿lr)¡ form 0 to ø ald thus'ur c¿ìn vary forrn (z - r) to tt,. i.e.,

ul \¡arie,s from u - min('u,ø) to tl. Thus,

Pr{t¡s 1- tsz *'uts { rt'r"} : tn 1 Ps,",, (tn 2 r z g z)"' (m 21 2 g 2)*' m, ("* t ) r d (z r, r t, r z)

: tnt (fiizr zgz)''m,r@ 
+t) r' É

u.t:u- nún(tt,rt;)

Novr'. assume that nodc-1 tl¡ants to send lt. pachets to noclc-2.

nocle-3, thell these packets cau be etr-rtrnged in dr(rz) ways.

\-./
ut=u-min(n,r)

Ps,.rþ(u,¡,LL - 1t,7,I - IL + LL1).

If all the packcts go through

'ú('n) has been clefìnerl in
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apllenrìix 4.2. Tlansmission of n packets from nocl+1 to nocl+3 and trgtr,in these n packets

from nocle-3 to nocle-2 can occur in 'rl(n) rvays. Tl'ansmission of r packets from node-2 to

lrode-3 ¿rncl'¿¿ llackets from nocle-3 caìl occur in !lj,:,-,rin(*.r) P3,,,rþ(tt'1,'tL-'tL¡,r-11+ur)

ways. Thus, transmission of all t]re packets cart occur itt

Ps,rrÓ(ur,'tL - LL1r r - Uf u1) rvays.

And tlre required transmission time will be nt:ml ntsz I ttfu I nt2s. Thus.

Pr{ntn l nfu2 + r¿t.r * xtzs} :

rn!in1.y+")r(ù(7z2rzgz)"#ffi rþ(n)Ði',,:.-rrtitt.(u,r) Pt,,,,ó(ut,1.L - Itt,r - u+'ut)

Similarl¡',

Pr{nt¿ I ntp -l ?ú+ * lJtzt} :

m:l,rnf;'+")r"(") (^rr'rglr)t' ##ffi rþ@)Ðï,=,,-¡,¡jn(,,y) P",,,ó(ut,'Lt -'Ltrt'y - u 1- u)

Notv assumc that node-l rvants to tra,nstnit n packcts to nodc-2 using both the routes.

Let r be the probability that node-l selects route 1-3-2 for tr¿rnsmission, then r' : L - r

is the probability that node-l selects route 1-4-2. Thus, on the a\¡erage nr packcts are

routecl through path 1-3-2 ¿ìnd tzr' packets are routed througlt path 1-4-2.

(,, +, - L 
,!,u + *)':rl,þr) 

Ë(n+n - 1)!(u+ ø)! 
u1:,-ra,i.n(1¿,t)

Pr{nrtp -f nrtsz * nr't¡a * nr'ta2 * uts ¡ uta * ntp * ,Utzd} :

f " I r"'(r - r)"{'-'trr,* ( n 
l r"(, -r)"(t-') rr,

\ "'/ \ "-"' /
rvhere

Pr1:

Trt!''vn0'+nr) 6411917"ffiffitþ@,r)Ðï,,:,,-,n.,;n(,,,,¡ Pt,u,þ('u71'u, -'r11.:r - u -l uù

¿rncl Pr2 :

TnTr''^a'+nr'lgnrrror)t'ffi#Hlt(n|)Dï,:,-,,rn1,,.."¡¡ Pa,,,,ö(q,u -'ur)a - u 1- u1).
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Given tß,tt2,tv,tq2,tzs,tz+, Ú3, úa. fOr a partiCUlar valtte Of n and i'\\¡e (lAtì S¿ì)'th¿ìt

* n,rfu2]-'nrJ ttt I nr

r','(1 - r)"(1-')"r, *

24

' tp * tLtt +'ut4 + rtzt * lJtzt
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3.4 Experimental Results

(3.i)

We solvecl Eqr.ration 3.1 for different values of r with some fixed values of otìrer pzrt'aureters.

We lrave changccl thc valucs of r from 0 io 1 with a step of 0.05 kccping m,¿('í : I,2,3,4) :

0.25. t't - 10, trt : t'¿z : tn - ú23 : 2, trß : tel : t3r, : Ú36 : 3, Àte : 0'042,

Àos :0.042, À23 :0.06, ¿r,31 
: 0.125, ltrss:0'08, p36 : 0'08, tA: tqz: t4r: tzq:5,

tz¿ : ts+ : t4T : Úrs : 5, Àz¿ : 0'025, Às¿ : 0'025, Àz¿ : 0'024, ltrlr : 0'05' ¡t'a7 
: 0'05'

lÍ.ls : 0.0b, 12 : 0.5, lz : 0.95. For dift'crent r,alues of r r,ve got dift'erent valucs of 7.

We plotteci the result iu Figrue 3.5. The result shc¡rvs that, tr¿rnslnission time 7 becomes

núnimum u,hen r : 0.75. Tha.t is, if.75% packets are translnittecl through path 1-3-2

ancl tlre rest2STa packcts are transmitted through paih 1-4-2, then tlie total packets catr

be tr¿lltsmitted ill minimrtm time.

Wc also maclc a netu'ork rnoclcl for thc graplt as shorvn iu Figure 3,2 and ran simulation

on that moclel setting the same values for the ptrrarneters and me¿rsur-ecl the time fc¡r

tralsfcrring 10 packets from nocle-l to nodc-2. Figurc 3.5 shows the result as u'ell.
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Figure 3.5: Experimental results for the netrvork shorvn in Figure 3.2
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Experimental results for a 8-node network



Chapter 4

Load Balancing in Large Network

Thc conplexity of the calculation of Equatior.r 3.1 is very high, hence thcre is a stability

issue. The approxlt rlescribed in Sectioll 3.3 rna;' not be availablc in larger netu'orl<s' Il

this cliapber ri'e pucscnt another approach morc suitable to largc netu'oriçs.

4.L Approach for Larger Networks

We consicler a, netr,r'orir showr in Figure 4.1. There ¿lre two distilct routes from node-l to

9+o-
Figule 4.1: A largcr network

node-2 : rorrte 1 - 3 - 5 - - - (2r 11) - (2r+3) - 2 and route 1 - 4 - 6 - - - (ZU) - Qa +2) -2.

Nocle-l sends packets to nocle-2 and node.2 sencls pzlckcts to node-l. The other nodcs

(nocle-3.4, 5, ...) fonvard percliets of nocle-l ¿lnd node-2. They also forrv¿rrd packets of

otÌrer nodes prcsent in the network (not shori'n in the figurc). When nodc-1 tra.nsmits,

node-3 and llode-4 cauuot tr¿ursmit at the same time clue to interference. But rdrel
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n6cie-3 tr¿rnsmits a packet to node-5, node4 cau also tr¿rnstnit a packet to node-6 a,nd so

on. Thatis,thercisnointcrferenceamongthcnodesof3-5---(2t:+1)-(2e-+3)path

ancl the nocles of 4-6 ---(ZU)-QU+2) path. Nou' suppose. nocle-lu¡¿tnts to sencl some

packets to nodc-2. The total time rcquircd tbr a packei to bc transtnittccl from nodc-1 to

nocle-2 tlrrough path 1-3-5- --(2x+I)-(2x+3)-2 depencls on man)¡ pzrrarneters lilie

how busy the nodes on the paih (i.c. nodc 3,5,...) are, thc chantrel conclitions betu'ecn

the nocies on the pa,tli, etc. Also in tliis mcldel, like the previous c¿ìse, we ¿rssume that

transmission of every packct is followed by sending back an acknou'lcdgctnent. When

nclcie-l tr¿rnsrnits a, pzrchet to nocle-3, we c¿nÌ see that norÌe-3, uocle-S c¿rnnot tr¿rnsmit

cluc to iuterfcrence. i.e., whcn any node transtnits, then tlte nocles u'ithin next tu'o hops

c¿rnnot transmit. In oiher s'orcls, on a path ouiy ole nocle atnong three consectttive

nocles can transmit at any momclt. Lct {, bc the â!'clagc timc for a pacliet to bc

transnrittcd from node.l to node-2 through path l - 3 - 5 (2r + 1) - (2t +3) - 2.

If rve assurne bhat a pachet takes equal time to pass each hop, then \ve c¿ìn say that

Tírf ttt_s_s---(2o¡1)-12,"+3)-2 aÍlount of time is taken by a packct in cach hop, u'helc

'lh-s_r---(z:n*1)-(2:r*3)-z is the nurnbel rtf hops in the path. Since onl¡, e¡1u nocle out of

three consecutive nodes on a path can transmit ai a time, if node-l transmits a serics of

¡rtrcftets throLrgh route 1-3-5 (2r+1) -(2r+3)-2, on ¿ìvertìge, the inter-¿rrir¡¿ri

time of ilrc packcts at nocle-2 u'ill be STllhFs-s---(2r+r)-(2r*3)-2. If 7i indicates the

average time fol transmissÍon of n packets fi'oln nocle"l to node-2 through tliis path. then

Tt:Ttt.#

Sirnilarly, let Ti, be the a\¡erage time for a pacliet to be transrnittecl froni uode'l to

node.-2 through path 1-4- 6 - - -(ZV)-Qa+2) -2. If nocle-l seucls tliese n

pacÌ<ets using boih the routes anrl let r be the plobabilitS, that norle-1 selec:ts route

1 - 3 - 5 - - - (2r+ 1) - (2r + 3) -2 for transmission. Then I -r is the plobability

tlrat node-l selects route l - 4 -6 - - - (Zù - (2a +2) - 2. Then the expectecl tinie
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for tr¿rnslnission of these n pzlckets,

T : mar(Tt,Tz) (4.1)

rvhere

(nr - L)37'
l¿r-s-s---(zr*r) - (2:r+3)-2

(n(1 -r) -I)34,
lLç +- a - - - (zù - (2u +z) -z

4"2 Experimental Results

\û'e consider a networl< of 13 nocles as shown in Figure .1.2. Hele h,r-s-s-z-r,-rr-z : 6

and lt,1-a-6-B-10-12-14-z:7. At first, node-I clocs not transmit any packet. Oiher nodcs

Figure 4.2: A l3-node network

in the nctwork arc tra¡rsmitiing / fbrrvarding packets. Lct À¿ be thc packct arriva,l rate

to nocle-i and ¿l¿ be the service ra,te ¿rt uode-i. \!'e set Àg : Às - Àz : Às : À' : 0.3,

À¿: Ào - )a: Àro: Àtr: Àt+:0.4, lt¿: l-Ls: [lt: lr,J: l-L.rs. - 0.6, lJ4: lJr,:

þa : !.to : þ,12 : llt+ :0.5. Then rve nt¿rcle nocle-l trausmitting sorne packets througlr

both the routes (routc 1-3-5-7-9-11-2 and loutc 1-4-6-8-10-12-14-2) ancl measurcd thc

a\¡erage time for translnittiltg l packet from node-l to node-2 inrÌependently through

botlr the routes. \\rc got T'r, : 20.4 and Tiz :34.6. \\¡e pluggcd ¡he valucs of 'Iir, Trr,

hr-s-s-z-s-11-2 ând l¿r-o-o-s-ro-n-r4-2 in Equation 4.1 ¿tncl set 'n: 10.

28

T1 : frr+

T2 : T'r, +
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Figurc 4.3: Bxperimcntal results for graph shorvn in Figurc 4,2

We sohred Equeltiol 4.1 for different values of r. \\¡e va,ried the v¿llues of r from 0 to 1

with a stcp of 0.05. For differcnt values of r rr'c got diffcrent valucs of 7. \\¡c plottcd thc

result in Figure 4.3. Tlie result slrorvs that, transtnission time 7 becomes minilnutn when

r : 0.6. That is, íf 60% pacl<ets arc transmitted through path 1-3-5-7-9-11-2 and thc lest

40% packets are tra,nsrnitted through path l-4-6-8-10-12-14-2, then the total packets c:an

be transmittcd iu minimum timc.

Ou the network model rve also ran simul¿rtion fol clifferent values of l anci obtainecl the

times rcquired for transmitting 10 pacliets from nodel to node'2, Thc results are shown

in Figure 4.3.
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Experimental results for a 13-node network

-*.- Result from Eqn 4.1
--+- Simulation result
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4.3 Modifying this Model for the IEEE 802.16

In Section 4.1 we have assumed that all the noclcs use thc same chaunel in tltc rnedia.

Tlius interfcrencc plays a significant rolc in thc modcling. In IEEE 802.i6 mcslt the

nocies use OFDI\dA to sh¿lre the meclia [2]. Tltus u¡het one nocle trarlsmits a packet, the

neighbors of this node can also transmit / r'cceive packct to / from a,ny othcr nodc. Evcn

rtrultiple r¿lclios can be usecl in a single uode and thcn that node c:¿rn keep trartsmitting

and rccciving ptrckets simultancously [9]. As an example, in Figurc 4.2,if 2 radios a,tc

instaìled in nocle-3, then node.3 c¿rn receive packet from uode-1 while transmitting a

packet to noclc-5. Sornetimes multiple sub-carriers can be z'Lssigned to any link betrveet 2

nodes. Then those nodes (:an tlansmit 2 packets parallelly lletrveen them. As ¿rn example,

if 2 sub-carricrs are assigned to thc link betri'ecn nocle-3 and node-S, then noclc-3 can

tr¿rnsrnit 2 pachets simultaneousiy to node-5.

Norv, in our model \r¡e al'e not considcring all thesc scenarios. \\¡c arc assttmiug that troclcs

use OFDN,ÍA to share the rneclia ancl thus no uode has to u'ait cltte to interference. But

\tre ¿ìre assuming that ¿rll nodes are equipped rvith single radio ¿lncl tliere is no rnultiple

sub-carrier in any link, i.c., onl¡r 1 OF-DI\.'ÍA channcl is assigncd to a linl<. In that casc,

rrny node ctrn particiltate in onl¡, 611s transmission at an¡, moment. But when any nocle

is transmitting or receiving any packct, its neighbors ca,n also tt'ansmit or receivc at that

monent. i.e., rvhen node-1 is tr¿lnslnitting a ptrc:ket to nocle-3, nocle-5 cal also tr¿r,nsmit

a packct to nodc-7. In this casc, only 1 nodc atnong 2 consecutive nodcs on a path can

tlansmit trt au;, mornent. Then Bquation 4.1 becotnes

T : m,ar(Tt,Tz) (4.2)

(nr - 1)2Ti,
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T : Tir+

T2 : frr+
ll,r-z-s---t-9-r 1-2

(n(1 -r)-t)2r*

rvhere

hr-¿-o---t -ß-rz-74-z
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In our simulation moclcl we have kept all arrival rates (À¿) and servicc ratcs (¡r¿) samc

as stated in Sec:tion 4.2. \\¡e changed the model to support OFDI\.'IA (norv only 1 norle

atnong 2 consecutive nodcs on a path can transntit at any rrontertt, u'herc as in prcvior.ts

case only 1 nodc anrong 3 consecutive nodes on a path coulcl fransrnit at any moment).

\\¡e got Tl: 16.2 a.nrI Tir, :24.4.
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Experimental results for a 13-node OFDMA network
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F-igure 4.4: Expelimental results for glaph shown in Figrrre 4.2

We solveci Equation 4.2 with these parameters for clifferent values of r. We v¿rried the

valucs of r fiom 0 to I t'ith a step of 0.05. Fol dift'erent values of r rvc got dift'ercnt

v¿rlues of 7. Figure 4.4 shou's tlle result. The result shou,s that, tlansmission time ?

becoures minimurn x.hcn r : 0.6. That is, if. 60Ù/a packets are transmittecl ihrough path

1-3-5-7-9-11-2 ¿rnd the rest 40% packets are tr¿r,nslnitied throLrgh path 1-4-6-8-10-12-14-2,

then thc total packcts can be transmitted in minimurn bimc.

On the netu'ork rnoclel we ¿rlso r¿rn simulation for different v¿Lìues of r and obtained the
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times requir-ecl for transmitting 10 packets from node'1 to node-2. The resrilts are shown

in l.-igurc 4.4.

4.4 Adaptive Load Balancing for a rrìore Real Sce-

nario

So far rve have assumed th¿r,t r.ve know the time leqrúred for a packet to be tlansmittecl

fi'om a source to ¿r clestination. \4¡e have built our moclel that c¿llcrrl¿ltes rdrich fi'acbion

of traflic should be routcd in which pabh tltcn 2 paths arc availablc. The calculation

recluires the Lotal titne associated to each path. But in rea.l life these time-values 'uar¡'

or¡er time. Because in rvireless media cha¡rnel conditions change over time, Ioad of any

intermecliate nocle on a path can change wltile tr¿rnsrnitting its or,r'n llackets ol forr,r'arcling

others packets. Thus the total packct transmission timc associatecl to a patli can change.

In that c¿rse if we carì measure the transrnission time on zl path from tinre to time ¿rncl

thus acljust the ratio parameter (r), we can improve tlie systcm.

We <:lrangeci our simrû¿ltion model (for the network shown in Figure 4.2, Nl'Lat suppolts

OFDN4A) such that the total time associated to the paths change over time. For this rve

have changed À¿ rvithin the range 0.25 to 0.4 zutd ¡r,¿ rvithin the range 0.45 to 0.6 randoml¡'

or,er time and measured the total iimc for transrnitting 50, 100 ancl 150 packets for thc

f'oliot'ing 3 cascs:

1. Aln'a),s transmit ptrchets through the sholtest path

2. Calculate r ¿rt the beginning and follorv the sa,me r for the tlansmission

3. Adjust r aftcl the transmissior of cach 10 packcts by neu'ly mcasurecl transrnission

tirne (?j, ztnclT)r).
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Figure 4.5: Experimcntal rcsults fol var"ying channcl condition

The lesult is shou'n in Figurc 4.5, Flom thc figure \,ve scc tliat if we recalculate the

fr¿rction ptrrameter r a,ncl clistribute packels accorcling to the neu'ly calculatecl vtllue,

then u'e can rcduce the time required for tlansmission of a serics of packets from a sourcc

to a clestination. Norv the majol challelge is to measure the tt'ansmissirlr tiure ¿lssociated

to each routc, u'hich changes ovcr time in u'ireless urcclia.

4.4.L Estimating Tbansmission Time

In thc rnethocl stated above, rvhcn node-l u'ants to scnd somc packcis to nocle-2 (Fig-

ure 4.2), in clrclel to c¿rlcul¿lte the fraction pzlr-ameter t' nocle-l needs tcl know tlte values

of fl, and fir. Let us a,sslìmc that node-l tlansmits a packct to node-3 at timc ú1 and

ncrcle-2 receives the packet (from nocle-li) at time ú2. Then f, : tz - tt. Similarl¡,

lct node-1 transmits a packet to nocle-4 at timc ú3 and node-2 rcceivcs the packct (from

nod+14) at titne ú¿. Then Ti, : t¿ - ts. The problem is that, node-1 can onl¡' |çne1v

ÐD
r)J

400
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tlte va,lues of tr and ús. It does not knot, úz or úa. Tlrus it is a problenr fol nocle-l to

estirnate fl, ancl T, in regular intcrlal. Node-2 catt ltuott' the valucs of ú2 and ta. If. a

tirne-stamp is set to each packet by the sender then noclc-2 cau also knorv the vaLues of

úr àncl ú3. Tlius noclc-2 can calculateT, ancl fr, rvhich arc actuall¡'necdecl by nodc-1.

Simiiarl¡', if node-2 sencls pa<ftets to nocle-1 through clifferent Loutes, then uode-1 can

easil¡. calculatc the transmission tirncs of a packct from node2 to nodc-1 ovcr clift'erent

routes. Let T'r', be the transmission time of a llacket frotn nocle-2 to node-1 thlough the

patlr 2-11-9-7-5-3-1 and:fri" be the transnission timc of a packct fronr nocle-2 to nodc-1

through the path 2-14-72-70-8-6-4-1.

Thus, noclo.l knou's 
"r', 

and Zj', rvhich are needed b"y node-2. Similally ttocle-2 lcnows

7r, ancl ?r, rvhich a,re needed by nocle-l. If rve assume that the tr¿rnslnission times cni

both clircction in a route ale same, i.e., '1r, : ?íi and Tlrr: Tliz, tlten this problcm can

bc solred.

4.4.2 Implernenting Load Balancing in Multiple-path Routing

In traditional routing each node maintains a routin¡ç table, which contains cntrics for cach

destination nclcies. Each eltry has trvo lìelds, "Destinatiou" attd "Next hop". Tallle 4.1

shorvs a single-path routing ta,ble for nodel of Figure 4.2.

Destination Ncxt hop

I
2 tù

ù Dd

4 4

5 ó

6 4

( r)

Destination Ncxt hop

B 4

I .f

10 4

11 J

t2 4

l4 4

Table 4.1: Single-path routing table at nocle-l of Figure 4.2

In single-prith routing ¿r router maintains onl¡, s1. path to each destin¿ltion. Tlrus cluly
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one value is hept in the fìeld "Next hop". In multiple-path rouiing a router maintains

muitiple paths to a clcstination [17] and thus muitiplc valucs arc kcpt under the "Ncxt

lrop" fieicl. So, the entry fol clestinaticm 2 of Table 4.1 c¿rn be urodiliecl as Table 4.2 ktr

muliiple-path routing.

DestÍnation Next hop

2 3,4

T¿rble 4.2: N,fultipl+path routing table at nocle.l of Figure 4.2

Now, this io¿rci b¿lla,ncing technique neecls to keep track of translnission times over each

patli tbl a clcstination. The routiug table can be moclifled to kcep record for the tra,ns-

missiolt tilnes. And this values shuolcl be updated from time tcl time. As an example,

Table 4.2 shorvs tliat thcre are tr,vo routes for the clcstination node-2 fiom nodc-l. Along

ivith the "Next hop" r'alues l'e also ueed to store the times assoc:iatecl u'ith this routes.

Tlrus n'e aìso necd to storc Tçs-z andTl-a-2 in the table (rvhich ri'ill be usecl as 7j, ancl

f, respectively for the calculation of fraction pa,rarneter r as stated in Section 4.3). The

routing table shown in Table 4.2 can bc modificcl as shorvn in Table 4.3.

Destination Next hop

2 3{fr_s_z},  {Tr_a_z}

Table 4.3; N4ultiple-path routing t¿rblc at node-I of Figure 4,2

When a packet fr-om nocle-2 is receivecl b¡. ¡6¿o1 froln nrtcic'3, then nclcl+l can easil¡'

calculate 
"i, 

and use this r¡alue to modify Tr-s-2. Ancl u'hcn a packct fi'om nocle-2 is

receivecl by nocle-l from node-4, then node-l can easily c¿rlcul¿rte Tlo md r¡se this value
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to morlify Tt-+-2. Actually Tt-3-z can be the average of last n nulnber of T|t talues,

u,hcrc n is to bc choscn carefull¡, depencling on how lapidl¡' the channel condition, the

traffìc ioad, etc, chtrnge,



Chapter 5

Conclusion and F\rture -Works

5.1 Conclusion

Il distributecl 'çr'ireless mesh ueLs'orks ¿ùl nocles m¿lke theil own schecluling. There is no

centralizcd controllcl for guiding the nodes. Thc uocles aiso clccidc their own routc for

sending packets to a destiu¿rtion. In this thesis our goal was to clevelop a metllod for

sciccting a path among rmrltipìc paths during scnding a pacJ<et to a destination. We

havc seen that if tu'o paths are av¿rilable for a particular clcstiuation and if packcts can

be clistlibuted properly among the tu'o paths, then all the ¡rackets c¿rn be transnrittecl

within minimum time.

\\,'e have developed a mathematical model for selecting a path among rnultiple routes.

Wc liave also carried out nctwork simulation that supports our method.

5.2 tr\rture Works

We c¿rn extelicl our rvolk in the following dilections:
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Extension to Multiple Paths

In this thesis t'c have ciistributcd thc packcis bctrveen tqro routes

rn'ork can be extencled to clistribute traflìc when more than trvo

a destination, If packets can be clistributecl intelligcnily aùtong

tlalrsmission time can be minimized.

38

to a destination. This

pa,ths are available to

rmrltiple patlis, total

Consideration of Contention

In tÌlis thesis we Il¿rve nclt consiclelecl contention of perckets when multiple nocles are tlying

to sclcl their pachets at the same timc. \t'e have derrclopccl thc systern fbr IE88802.16

coordinated clistributecl mesh netrvork, rvhich is actually contention free. Contention

takcs placc in uncoorclinatcd s)'stcms such as IBEÞ802.11 distributcd mesh net\r'ork,

IEEBBO2.16 uncoordin¿lted clistributecl mesh netrvork, etc. By considering contentiou

this load balancing metliocl can be extended to nncoorclin¿-ltccl s)'stcms as well.

Load Balancing in Whole Network

In this model each noclc calculates its ou'n fraction parameter r. This paramctcr dcpcnds

on how busy the other nocles on a route are. When a node dístributes its packets over

thc available loutes for transmission, thcn thc nodcs on the route havc to foru,ard thosc

packets. This affects the fi'action parameter r of the neighboring uodes. Thus x'hen a

noclc adjusts its fraction paramctcr r, then its ncighltors nralr have to acljust their fr¿rction

paratneter trgain. Thus the nodes have to trcljust their own parameter again ancl again

untii the network conclition becomcs stable. Furthcl calculation and simulation ca¡t be

done to analyze the sittration.
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Time-stamp by AII Nodes on The Path

In Sectiou 4.4.2 ir'e have proposed that sender ma¡r ss1 a titne-st¿lmp ou each pttcket rvheu

it scnds thc packet. Rcading that tirne-starnp the reccivcr can ca,lculate thc rccluired

tr¿rnsrnission time on that path. Setting this tim+starnp rvill lnake the packet larget',

which ultirnatelS, increascs load on the netrvork. Thc resultant complcxity is ncedcd to

be measulecl.

Tlris can be clone in rnauS' ryays. As an cxamplc, in Þ-igure 4.2, if nodc-2 sets a time-

strrmp on a pircket sencling to node-1, then lod+1 can calculate the reqttired tr¿Ltrslnission

timc for this path fron rodc-1 to nodc-2 and update its routing tablc (Tablc 4.3) for

the entry "Destination: 2, Next hop: 3". Ail ihc nodcs on the path (those forq,ard the

packet tor,varcls nocle-1) c¿rn also re¿rcl this bime-staurp to upclate their routing laìrles for

the samc dcstination. Thus node-3, node-5, ..., nocle-11 can update tlieir routing tablcs

for the êrtr5r (rf s5¡inatiou: 2". Again all the nodes on the path can also add their os'lt

tirnc-starnps on the packet Lhc¡, ¿¡s forü'arding. Iu that case rvith thc singlc packct node-

1 rvill he able to upclate the requilecl transmissiol time to aìl the nocles either the5, ¿¡s

fonvarcling / sending, That is. just a single packet tra¡rsmission from node2 to node-l

tlilough tlre path 2-LI-9-7-5-3-1 can upda,te the routing table of nocle-1 fcrr destinations

2, 11,9,7, 5, 3, the routing i¿tblc of node-S fbr clestinatious 2, IL,9,7,5, routing table

crf node-5 for clestinations 2, 71,9,7 ancl so on. Certainly it rvill increase the workloacls

on the routcrs and the amount of traffic ovet thc nctg'ork. Ffurthcr calculations and

simulatiolls can be done to arnalyze the scenario.

Development of New Protocols

To irnplernent thc ioad balancing tcchnicluc furthcr cxtcndcd protocols rnight be nccdcd

to be cleveloped.
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4.1 Explanation of ,þ

Lct us consicler thc graph shorvn in figLrrc 4.1.

Figulc 4.1: A 3-nodc netu'ork

To makc this scenario clcar u'e look at the possible soquence of transmissions:

o Node.1 rvants to tra,nsmit a packet.

o There â,t€ 1r1 packets in the buffer of node-3.

o Eiiher nocle.2 or nocle-3 tra;rsmits tlieir packeis. If node-2 transmits its packets to

nodc-3, it rvill increase the number of packcis in thc buffcr of node-3. if node-3

transmits its ptx:kets, it rvill decreasc the number of the packets in the buffer of

nodc-3.

¡ In this wzì.\¡ z1 packets are transferrecl from nocle-2 tr> node-3.
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o After that, nocle-1 tr¿rnsmits its packet to noclc-3.

\4/hcn nocle-l transrnits to noclc-3, let there are h' packcts in node-3. 0 < k' <

't-I.'r!, : 1\ -f 'r1. k' : r.t, if node-3 cloes liot tlansrnit an1' packet druing the transnlis-

sion of ø1 packcts from no<1e-2 to node-3. Sirnilali¡,, A;' : 0 if node-3 transmits all

íts'u1 packets and the ør packets ii got from node2.

Norv thc packet of noclc-1 is in thc buffer of node-3. Thesc Æ'(0 < k' 1u) packcts

(s,ìrich are ahe¿ld of the packet r,¡f node-l in ihe buffer of node.3) neecls to be

transferrecl by node-3 before the packet of node-l is forrv¿r,rded br. nocle-3.

o Within the transmissior of k' packcts by nodo3, another r¿2 packcts are transmittccl

to nocle-3 b-v nocie-2 (clearly in the buffer of nocle-3, these A' packets u'ill st¿ry ahead

of thc packet of noclc-l and 12 packets will stay behind the packet of noclc-l).

In this section we going to explain þ(u4,n1,22), r.r'here þ(q,11, z2) indicates itr ltow tnany

u'a),s the above transmissions cau take place.

At the moment rvhen nocle-1 transfers its packet to noclc'3, there ilre k' packets in lode-3

means nocle-2 has tr¿rnsrniLted :rr packets to nocle-3 and node-3 h¿rs transmitted À: : LL-lí

packets. k (as*'cllask')canhaveanyvaluefrom0, 1.2,...,'u7,t/1 {1, ltt*2,...,'ur*rtr.

Let /1(À) indicates the number of all possible ccnnbinations in n'hich node-3 can tlansmit

ft packets. k : 0 ûreans nocle-3 has transmitted no packet ¿ìnd node2 has transrnittecl

zr p¿Ìcl(ets. This can happen only ¡1 I r,r'ay. Thus

dr(o) : 1.

k : 1 rneans node-3 has transmittecl one packet allcl uode-2 has trausmittecl zr prrckets.

Tlris can happen only in (u + 7)ll@1!1!) rva¡.'. Thus

çót(r) : (¿r + 1)!/(rr!1!).

Similarly u'e get,

Ö'(k): (r, + k)l/(n1!À!) for 0 ( li ('t¿r'
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Calculation of çó1(ft) for u1 < k < th*Ìt is a iittle bit cornplex. We tr5' to exlllain this

s'ith trvo exarnples.

A..1-.1 Example-1

Lct us considcr 'L\ - ), rt : 2 ¿rnd k : 3. This nleàr1s tliat node-2 has transrnitted 2

lraci<ets to nocie'3 aud node-3 has tt'ansmittecl3 packets (previously ii hacl 'ut:2 prrckets

and it got ø1 : 2 ncrv packcts from nodc-2; it has transrnittecl its previous 2 packcts and

the lirst 1 packet it got from nocle-2). Here, we introduce some symbols like 0¿, e ¿rnd

d¿, n'hore 0¿ inclicatcs thc transmission of zth packet froln those u1 packcts fiom noclc-3,

q indicates the transmission of ith packet frorn those Jl pacl(ets from uocle-2 ard d;

inclicatcs thc tlansmission of r.th packct from those z1 packeLs from node-3, rvhich r,vas

tlansuritted from nocle-2 to nocle-3. Tltus, in this exarnple there can be tlcl ô¿, tlo c,;

and onc d¿. Tu'o c¿ implics rr :2, ald two ó¿ onc d¿ irnplics k:3. If ri'e considcr only

Conrbinations of Ö1b2c1cz I Combinations of. btbzqcztlt

bJ)zctcz
búzc{hcz

It1b2c1c:2d1

b(1b2c2
b1c.2b2d1c2

fuc2b2c2tl1

b1Qc2b2 bp1c2b2tl1

c1c2b7b2 cßzbJ)zdt

ctb tczbz crbúzbzd¡

c1b1b2c2
t:11)1h2tI1c2

cltþ2c2d,1

Tabie 4.1: Possible transt'er combinations for cxarnple-1

tlcr Ö¿s ¿rnci trvo c¿, \\t€ get toial (2+2)ll?!2!) :6 combinations. These c:olnbillations
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are shorvn in tire first column of table 4.1. Norv we tvaltt to aclcl dr in tlie each of the

above 6 combinations. It is clear that dr ca,ntìot bc placed bcforc any ö;. Again tliis dr

¡rusl be placecl a,nyq'here after cr in er,r¡, colnbination. Thus we get 9 nerv cotlrbittations

fioln Lhc abovc 6 combina[ions. The combinatious arc sltog'Ir in thc sccotlcl colrtmn of

table 4.1. \ÃIe can see th¿rt insertion of d; and tltus generattion of nelv combinations does

not clepcncl on hou, many b;s are there in the combination, rathcr ii clcpends on how

uì¿ìny consequett qs ¿tre there aL the encl of each combination.

A.L.2 Example-2

Let us consiclcr il1 : I and c, : 3. Thus in thcsc conbinations therc u'ill be one ö¡

ancl three c¡s. For one br and thlee r:¡s ri'e get total (1 + 3)!/(1!3!) : 4 combiuations'

Tlrc cornbinations arc shou'l in thc fìrst column of tablc ,{.2. if lvc sct k :2 thcn one

d¿ (i.e. d1) rvill be inserted and from the 4 cornbitiations we get 9 c:ourlliuations. Thesr¿

combiuations ale shorvn in the second coiumn of tablc 4.2. If tt'e set & : 3 thcn thcrc t'ill

be tivo /¿s (i.e. dr and dz) and frorn the I combinatittns we get 14 ccnubiuatiotls. These

combiuations ar-e shos¡n in the thircl column of table 4.2. if r,l'e set k : 4 then there rvill

bc tlrrce r/¿s (i.e. dr, dz ancl d3) a,ncl fi'on thc 14 conibinations \ve gct 14 combinations.

These combinations are shown in the fourth cohmlr of table 4.2. \\¡ith this example

!\¡e ârc tr¡,i1lo to cxplain /1(k) fbr h 1 k 1 ut * rt. In this cxatrtplc ,t¿r : I' If rve

setk:2.that me¿rns k-q:!d.¡ (i.e. d1) rvillbeiusertecl ancitotal 9combinations

(tlre 9 cornbinations of second colurnn) can bc gencratcd. i.e, ,þr(k : 2) : 9, (for

1\: I,tì1 :3), If weset k:3, thatureans k-ut:2d,¿s(i.e. úlr andrl2) n'ill

be insertccl ancl iotal 14 conbinations (the 14 combinations of third column) can be

generated. i.e. (n& - 3) :14, (for'11!:I,îr:3). Sirnilarly Ót(k:1):14 (there are

14 conrbinations in fourtlt column)'

If n'e conside,r the combinatio\ bthczct (shou'n ilt first rov' Jirst column) ancl rvant to
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Conbinations of

btcúzCs

Combinations of

b1c¡c2cad'1

Combinations of

b(1c2cad.yd2

Combilations of

b{1c2cad.1tl2t|3

b1QC2c3

bßrdúzcs
btØ(hczclzcs b(fißzd¿csds

bß.t(hczctd.z bß{hczctclzd.t

b1{:1c2d1ca

14c1c:2rl,1cl2ca Itpp2d1d2cad3

b(yc2d,(atl2 búúzdß:tdzd.s

bßtczcsdt b¡c1c2csd¡d,2 bú(zc¿d.tdzcls

ctb(zct

Cyb1d,1C2cs

ctb{hczdzcs ctb{hcz(Izc'rd.t

(:tbrchczcsd,z (:tbr(ltCzh(lz(l,t

ctb(zd,rcs
cúßz(hd.zcz ctbtczdtd.zcsds

c1b1t)2cI1catl2 ctb(:z(Ißsd,zda

c¡b1c2cacl1 c1b1c2cst\d2 ctbúzczd{l,zd.s

C.ßzbtCt
c1t:2bfi1cs

Qc2bydld2c:3 cßzbi,td.zc's(lt

hczb{hhd,z crczhclúd'zdt

hhb{sd't (:rc2bßad|d,2 (:úzbrcsd,flzd|

CßzC¿bt cßzcsbfit Qc2ftb1tfid,2 c¡c2cab1d1d2d'3

Table 4.2: Possible tr¿lnsfet' combillations for exalnple-2

inscrt di i¡ it, we sec tltat ¿ll must bo inscrtcd after 0r âlìcl c1. i.e., d¿ lnitst be inserteci

afier ö¡ (for. all j) anfl c¿ (for I < i). tI¿ can be inserterì ¿lnywllere rvithin ct (l > i) to make

netv cornbinations. Tlius rvhen \ve \lrant to inscrt a di in any combination, n'c ncccl to

knorv tlr¿rt horv rnan1, consecuti\¡e c¿s (for I > i,) are there at the eucl of this coìnìlinatiorl.

If there are '??' number of such c¿s (l > z) at the cnd of a cornbination, insertion of d¿ rvill

mal(e .r¿ + 1 new combin¿rtions, eadl of them ends with n¿ consecutive c¿s (0 < rn < 'n).

On the uext step d;a1 will bc inserted in cach of these nc\vll' gcncrated combinatiolìs and

¿lg¿ìin other combin¿ìtions l\rill lte generatecl follo$'ing the s¿rme lule. i is increased br' 1

.4,1
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on each step (fìrst q'e insert d1, thel dz and so on) ¿rnrl thus nunrbel of consecntive crs

at end of net' combinatiolis ivill decrcase on each step. As in the example if u'e consider

the courbination Õlcrczc3, we see that this encls rvith three consecutive (;Ê (q(:2ca). !\¡hen

we want to insert d1. rz becornes 2 (rz: ntunbcr of cousccutir.c c¿ at the cnd for I > 1).

\Ã/hen rve insert dr, three nerv colnbinations are genelated, one ends lvitli 2 cts at tlie encl

(b1c.fic2cs), onc ends q'ith 1 c¿ at tire end (ö1c1c2d1ca) and onc cnds rvith no c¿ at the cnd

(l4c1c.2cad,). The cell ildicatecl by first row ancl seconcl column of table 4.2 is divided

into tlirec sub-cells ancl thesc threc sub-cclls show thosc three combinations.

T¿r,ble A..3: Calcu}¿ìtion of fi(k) for example-2

The computation of dr(A;) is definecl in table 4.3. In the flr'st ro\\¡ r¿o.js are calculated.

aç.¡ inclicates tlle number of combilations rvith 0 ¿, (i.e. no d;), u'hich encls with exactly

45

nurnber of c¿s rvhere I > i number of

cornbinations0 1 2 t)

'L

0

(i(),0 :

(r¿r -1*¡:r)!
(t1-l)!;r1!

_1
-a

(Int:

(ur - 1f ¿r -1)!
(rr1-1)!(r'1-1)!

_1
-a

Añr:

(¿r - l*or -2)!
(21- 1) !(c1-2)!

1

o0,3 :

(rr - 1*rr -3) !

(t1 - 1)!(r'¡ -3)!
_1
-a

1

o1'o :

r¿o.o * t¿o.i * 0o,z * oo,r

-4

t¿1.1 -

oo,l*¿l.o.z*ûo.s

¡)
:t)

(hc:

ao,z I ão,s

_,

,þt(k: ¿r f ¿)

: Ðat,¡

+ ór(2) :9

2

II.D ì _

t,r,o*Qt,t*atp

-(ì-¿

At1:

thJ * (tt,z

-rJ

,h(h: ttt l- i)

: l¿o,

+ ft(3) : 14

Dù

o3,o :

a.z.o * ct'zt

:14

çbt(k: h l- i)
: Ðaq¡

=+ {r1(4) : 14
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j consecuti\¡e c¿s û,t the encl. A combination ends u¡ith exactl)/ j consec;utive c¿s mearìs a

b; is ilnrnediatelS, followed b), thosc consccutive c¿s. If thele is no d¿, i.c. if q'c consider

only the combinations n¡ith ur b,s and z1 c¿s, then there will be ('ur - t *rt- i)ll((u-
1)!(r1 -.i)!) cornbinations n'hich cnds u'ith exactly j consecutivc c¡s. Non'r,r'c ('ill inscrt

d1 iu these c:olnbinations. The cclurbinatiou that ends $'ith three c¿s, after inserting rl1

will gcnerate onc combination cnding u'ith no c¿, onc cornbination endiug u'ith one c¿ anci

one comìtination ending rvith trvo 11s. Ancl the cotnbinatiolt r,vith no c¿ \r,ill geuelate only

one combination q'itli no c¿ after irtserting dr. The sarne rule ri'ill be appliccl for inserting

cl2 and so oll, Thus, we get o,r,¡:Ði,l-u*'o,o-r,r,, for ¿ > 0.

Thele rvill be a littlc modification in the above calculation shorvn in tablc 4.3 if u'c

considerthesiLrtationu'het'eul:0,i.e.,ifnoÕTistltere. Inthatc:aseallthec¿scalllnake

onl¡- one cornbination. i.e.. 'lvc gct o0,0 : fi0,1 : Qo,z:0 ancl û0,8 : 1. This moclifiecl

c¿lculation is shown in table 4.4.

Thus. we get,

/- r I'\l
dr(È) : îftfl,for0( ttltLt

rr1{o1-lc

: I ak-t¿t.it for u1 < lt 1ut I tt
j:0

o1-if l
ttrhereø¡,¡: Ð or-r,r, fori>0

p:j

aud ø6,¡

aucl ao.¡

(21 - 1)!(21

: 6¡"'t, for 'ii1

(u1 - 1+ 11 -,;\l--!+, for z¿r > o
- J)!

: 0, \'n'hetc ô¿¡ is Kroneckcr dclta function.

Nou' rvc get drr(Æ), u'hich indicates the nuubcr in hoq'ulanÌ- \\ralrs ø1 packe¡s c¿rn be

tr¿rnsttritted fi'om nocl+2 to node-3 before the packet of nocle.l is tr¿ursferrecl to nclcle-3.

In tlrc mean timc nodc-3 has transmitted È packcts ancl Á;' : ur * ït - k packets arc

tltele in the buffer of nocie-3 just ahead of the packet of nocle-l in nocle-3. Transrnissic¡n
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number of c¿s wircrc I > i nurnber of

cornbinations0 1 2 Ð
.J

'L

0

if (ut : g)

thett øo.o : 0

else 06,6 :
(zr -1*¿r )l
(u¡ - 1) !r:1 !

_1_1

if (21 : 0)

thcn oo,1 : 0

else 00.1 :
('¿r-l*cr-1)!
(u1-1)!(t1- 1)!

_1
-l

if (u1 : Q)

then as,2 : 0

else an r :
(z.r - 1*øl -2)!
(u1 - 1)!(r:1-2)!

_1
-l

if (21 : 0)

theu a,6.3 : 1

else ao,g :
(u1-1*c1-3)!
F4-il6:5n

_1
-t

I

u1,0 -

0o,o*oo.r*a,o.z*00,s

_.1_+

ALJ:

0o,r-|ao,z*aos

4:Ó

Q.!,2:

oo.z -l ûo.s

_,

çár(À:'¿¿r*i)

: Ð at,i

+ ótQ) :9

2

(¿D rì 
-

0r,o*t71 *(t1.2

-o

At1:

atJ * at2

-¿

þt(k:'ut*i)

:5-on,
A -'LtJ

+ p1(3) : 14

'J

QJ,o:

azp * azt

:14

,þt(k:ut1_i)

: D as'i

+ þ1(4) : 14

Table 4..1: N.'fodifiecl calculation of dr(È) for exautple-2

of these k' packets from nocle.3 and transmission of e'2 pàckcLs from uode-2 to noclc-3

(:àr1 o(:ctlr in (Æ' + r)t f (k'lr2!) iva¡,5. Thus rve get,

þ(u¡,r1,r2) :'Ï' rr(fu)q#È
,(:: ¡

''{qI , ,,.(u, lxt- k+rz)l: 
k rr(ÆJ 

(?¿ _ ftXrr!

^.2 
Explanation of 1þ

Let us consider the graph shown in figure 4.2.
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..(Ð//

Figule Ã.2: A 3-nocle network

Noclel r.l'auts to transurit, A pzrckets to nocle-2. To do tltis, nod+1 iirst sencìs its pacliet

to nocle-3 ancl then node-3 forq'alcls the packet to node-2. Nocle-2 does not trtrnsurit trny

packet. Node3 does not transniit any packet of its ol'n. It only forwards the ¡lacket of

nocle-l to nocle.2. Onl¡, e¡s nocle can transmit a pzr,c:ket at a titne. In this section lr'e

a,r'c going to cxplain r/(k), rvhcre y'(k) indicatcs in hor,v many wavs node-I can transmit

k packets to nocle.2.

Herc rve intloclucc some s¡rnþ6ls lilie o¡ arìd b¿, r,hcrc a,¿ indicatcs thc tratismission of ¿th

packet fi'orn nclcle-1 to nodeS ancl b¿ indicates the tr¿r.nsmission of ztlr packet fi'cnr nocle-3

to nodc-2. For an;' possible transmission combination, it is clear that a¡ must be pìacccl

erfter a¿ ¿rnd simil¿lrl), bj lnust be placecl aftet'Ó¿ . for j ) i;'i,j < k. Again b¿ must be

placcd aftcr ø¿.

A.2.I Example-S

In this example, if u'e set k:1, thcn n.e càr see that thc transmissiorìs can happeu onll'

in one wzr.y The only possible tr¿rnsmission c:olnbination is shos,u in the first column of

table 4.5. Thus r/(1) : 1. If rve sct k :2, then the transmissions can occur in the

follou'ing trvo q¡¿r),s. The possible tr¿rnsmission colnbinaticlus are shown in the secoud

column of table 4.5. Thus 1þ(2) :2. Similarl¡, the possibic fir.e combiuations for k : 3

are shorvn in the tliircl column of t¿rble 4.5 and the possible fourteen combilations for

k :4 are shou,n ìn the fourth colurnn of tablc A'.5. Thus $re gct p(3) : 5 and çb (4) : 1,{.
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I¡',: I k:2 l-_t k:4

al)t

0,(tzbtbz

aúlzasbtbzbs

u1û,2a30.abft2b3ba

a¡o,20,sb pab2ltslta

atazonbtbza,¿bsbd

a10,2a3b1b2bsaaba

o,1a2bfisl)2bs

a¡0,2b1asaab2b3ba

afl2l)1o"sb2aab3ha

0,1a2b¡a3b2b3aaba

o,to.zbl:,zasbs
a102b1b204aab3ba

o,¡a2b1b20,sbsaaba

e,rhúzbz

a1b1a.2a3b2bs

a1b1a2a3aab2l)sba

albyo,2tt 3b2aabsba

a1l4a2a3b2l4aaba

al)1a2b2a3l)3
ayb¡a2b2asaabsI)a

a1b1a2b2a3b30.aba

Table A.li: Possible transfer combinatioils for ex¿ìmpie-3

If rve look ¿lt t¿rble A..5. rvhen we generate the conbinations for k : i .¡ 1 frorn the

colnbinations for k : 'i, it is clear that b¿-¡1 must bc placcd at the crìd of cach of thc nerv

combinations. And o2:a1 cân be placed anlrwhere ¿ìfter .¿¿. Thus, if an¡, combination for

Å; : e ends \vith consecutivc ?¿ b¿s (that Ineàns a¿ is placecl just bcforc those consecuti\¡c

ö¿s), then o''a1 ()â,n be placed âtt¡,rrrllsta rvithin those conse(:utive n ó¿s arcl thus c¿tn lnake

n + I new combinatious. ó¿-.1 is ¡rlaced at the end of câch of thc ncrv combinations. Thus,

out of these r¿ * i lteu¡ combin¿Ltions, one ends rvith exa.ctl¡, 1 ö¿. one ends r,vith exactly

2 0¿s, onc ends u'ith cxactl¡r 3 b¿s, . , one ends with cxactly n * 7 b¿s. Bach of thcsc

n * 1 combinations c¿ìn then gener¿ìte new cornbiu.ations for li : r, * 2 follorving the sarne
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rule.

In this cxamplc, for A:1 tìrc onll, possibie combination is a1ò1. This combilia,tion eirds

u'ith 1 b¿ (i.e. b1). Now wltett lve rvant to generate the <:cnnbinations for k:2, a2 cern be

placcd on eitlìer side of bt. b, rnust be placed at tlte end. Thus two rìeu' combinatious

(aúzlttltz and a1b¡a2b2) are generatecl. Out of these trvo cornbin¿rtions. the lirst one encls

u'ith 2 consecutir,'e ö¿s and the last one ends ri'ith l b¿,

Tltus, at all¡r lçuu1 k if there are total n possible ccnnbinations, ancl out of those r¿

combinations if q nunrbcr of combinations cnd u'ith cxactllr j mrmber of b¡s (1 < .j <

k, Ðn,¡ : n), then on next level each of these n¡ cornbinations will genelate n¡ * I

conbinatiors. And out of these 'n¡*1 combinations l will cnd rvith cxactl), one ò¿, l ri'ill

endrvithexerctlytwocousecutiveö¿s.... j 1willencl withex¿rc:tl.yn,j+ 1consecutive

b¿s. As in ihc example for fr : 3 thcrc are totai 5 possible combinations. Out of thesc

5 combinations, n1 : 2 cotnbinations cncl rvith cxa,ctl¡r otte b¿, 't1,2 : ) combinations end

rvith exactly tr.vo consec:utive Örs, zs : 1 cornbin¿ltion encls rvith ex¿rctly three consecutir,e

i.¡¿s. Each of the 2 combiuations li'hich cnds with exactll, tu'o consecutir¡e Lr¿s u'ill generate

1 combinatioll rvith extrctl5' one ó¿ at the end, 1 combiu¿rtion with exactly two tr¿s at the

end ancl 1 combination u.ith exactly three ö¿ at the encl.

Now if u¡e want to knoç' that hor.l' nrirny combinations will be there for k : 'i + 1 tltose

cncl rvith exactly j consccuti\¡e b¿s, u'c have to count thc number of conbinations fbr

/" : z those catr genertrte such colnbinations on next level. The combinations for ft : ¿

tliatendsu'ithatlcastj-Iconsccutiveb¿s,rvillgcneratcthccombinationsfor&:z*1

tlni ends u'ith exactly j colsecutive ö¿s. This calculation is defiled in table 4.6.

Thus, rve get, 
rç

tþ(k):Ðou,,
j=L

¿-1.

\-./.
nar(1

where o¿.i :
,j- 1)

a¿-1,p â,nd atJ :7

(A.1)



Appnxorx A.

numbcl of b¿s at cnd numbcr of

combinations1 2 3 4

¡^

t
At,t

-i

ú(1) --

Ðat,i :7

2

A, 1:

0r,r

-1

Ac,> :

0 r.t

-1

\b(2) :
5-ao,

-t

t()

as.r:

(Lqt*Q,cc

_o
-L

t¿'t t -

ao, * acq

-2

úi3,s :

az.z

-1

'v,(3) :
Ðot,¡

_tí
-rJ

,1

At,!:

r¿g,r * At,zl az.:t

-rJ

114.2 -

o¡,r*os,z*Os,s

a4þ:

0.3.2 * (r,3.3

:J

4.4,4:

OS,S

-1

,þ(4) :

Ðan,i

:74

Tablc 4.6: Calculation of '/(År) for example-3

\4,'e can calculate t/,(4,) in ârìother ryav also. The transfer scenario rnentioned in

this scction can bc comparcci rvith the transf'er scenario rvhcn we calcnlatccl pr(k) in

Section 4.1. In tlre calc:ulatiou of (ár(k) if r,ve set ut:0, ïz:0 ancl k: rr, thell rár(,k)

becomes y'(k). Thus \r.'c can sa)¡,

tft(lc) : ¿1*',n (A'2)

a-¿+1

rvhere ar,¡ : L e,i-!,r,t for r. > 0
p=j

âìl(l a¡.i :6¡n, where ô¿¡ is Kronecker delta function.

5r

Finally, y'(Ä.) can be calculated using cithcr Equation A..1 or Equation 4.2.
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